1. Measurements of ecological patterns are often used as primary biological indicators of river health. However, these patterns provide little information about important stream ecosystem processes (e.g. the sources and fate of energy and nutrients). The direct measurement of these processes is considered fundamental to the determination of the health of stream and river ecosystems. 2. In this paper we used two basic approaches to assess stream ecosystem response to catchment disturbance and, particularly, to the loss of riparian vegetation in different forested biomes across Australia. Benthic gross primary production (GPP) and respiration (R 24 ) provided measures of the amounts of organic carbon produced and consumed within the system, respectively. Stable isotope analysis was used to trace the fate of terrestrial and instream sources of organic matter in the aquatic food web. In a focal catchment in SE Queensland, additional measurements were taken of riparian attributes, catchment features and water quality. 3. Baseline measurements of GPP and R 24 from undisturbed forest streams provided reference values for healthy streams for comparison with sites where the catchment or riparian vegetation had been disturbed. These values of metabolism were low by world standards in all biomes examined. Preliminary data from the Mary River catchment in SE Queensland indicated that these parameters were sensitive to variations in riparian canopy cover and, to a lesser extent, catchment clearing, and predictive models were developed. The ratio P : R (GPP : R 24 ) was used to determine whether sites were net consumers (P < R) or producers (P > R) of carbon but this was not considered a reliable indicator of stream health on its own. 4. Although forest streams were typically net consumers of carbon (P < < R), stable isotope analysis of metazoan food webs indicated a high dependence on inconspicuous epilithic algae in some biomes. 5. A dramatic decline in the health of forest streams was observed when GPP substantially exceeded R 24 , especially when instream primary producers shifted from palatable unicellular algae to prolific filamentous green algae and macrophytes. These sources of instream production do not appear to enter aquatic food webs, either directly through grazing or indirectly through a detrital loop. Accumulation of these plants has led to changes in channel morphology, loss of aquatic habitat and often a major decline in water quality in some of the streams studied.
Introduction
The ecological health of rivers and streams is a fundamental and increasingly important water management issue in Australia (Schofield & Davies, 1996) . Definitions of river health and selection of methods appropriate for its assessment, however, are subject to considerable debate (Bunn, 1995; Norris & Norris, 1995; Wicklum & Davies, 1995) . Commonly, biologists measure biodiversity (e.g. Magurran, 1988) and the structure of benthic communities (e.g. Furse et al., 1984; Marchant, Mitchell & Norris, 1984; Faith, Dostine & Humphrey, 1995; Wright, 1995) . Others advocate a focus on the distribution and abundance of specific taxonomic groups, including diatoms (Reid et al., 1995) and other aquatic plants (Whitton & Kelly, 1995) , and fish (Harris, 1995) .
Patterns of species distribution and abundance are undoubtedly important elements of river health but often contribute little to an understanding of how a system works (Harris, 1994) , and therefore should not be the sole consideration. Many goals relating to river management and protection refer to ecosystem-level processes, with the notion that streams and rivers should function in the same way they do in unimpacted catchments. This is an important element of the principles of ecologically sustainable development that espouse not only the protection of biodiversity but also the maintenance of essential ecological processes and life support systems (Council of Australian Governments, 1992) . Often, patterns of species richness and abundance are used as surrogate measures of these fundamental processes. Although altered function may affect patterns, pattern and process are not necessarily linked (Barmuta, 1987; Bunn, 1995) .
Ecosystem-level processes are ideal measures of stream health because they provide an integrated response to a broad range of catchment disturbances. Disturbances include increased nutrient concentrations from diffuse or point sources, changes to the quantity and composition of organic carbon inputs, alterations to the light regime (e.g. riparian shading and turbidity), and sedimentation. Furthermore, ecosystem measurements integrate these factors at a large spatial scale and allow the health of streams and rivers to be viewed in a catchment context (Minshall et al., 1985; Frissell et al., 1986) . Unfortunately, our understanding of ecosystem processes in Australian rivers is poor and there has been little attempt to incorporate these measures into biological monitoring programs (e.g. Bunn, 1993 Bunn, , 1995 .
Here we use two basic approaches to assess stream ecosystem response to catchment disturbance and, particularly, to the loss of riparian vegetation in different forested biomes across Australia. This includes the direct measurement of amounts of organic carbon produced and consumed within the system, and analysis of the fate of terrestrial and instream sources of organic matter in the aquatic food web. These processes are clearly linked to catchment and riparian condition, and underlying causes of variation are relatively well known. The major aim of this paper is to illustrate how such measures of ecosystem processes can be used as an important diagnostic tool in the assessment of stream health.
Materials and methods

Study areas
Most of the data presented in this paper are derived from large-scale comparative studies currently in progress in three different forested biomes within Australia. Data on undisturbed forested streams have been compiled from studies on the Mary River catchment (subtropical rainforest) in SE Queensland, the Johnstone River catchment (tropical rainforest) in far north Queensland and from the northern jarrah forest (Mediterranean climate, dry sclerophyll forest) in south-western Western Australia (Table 1) . Additional features of the study streams can be found in Bunn, Edward & Loneragan (1986) , Davies (1994) , Hughes et al. (1996) , Hancock & Bunn (1997) and Mosisch & Bunn (1997) .
In addition, we include data from 15 disturbed sites within the Mary River catchment to illustrate the relative importance of riparian and catchment influences on river health (Table 2) . Measurements of catchment features, riparian attributes and water quality (e.g. nutrients) were collected from 20 stream sites in total (including the five undisturbed sites in Table 1 ), ranging from 0 to 100% forest riparian canopy. In most cases, single sites were sampled in individual tributary streams, and streams were considered to be replicates within biomes.
Catchment and stream channel attributes
Data from a GIS on catchment land use (total hectares) above each of the sites in the Mary River were supplied by the Queensland Department of Natural Resources for the following categories: crops/pasture, isolated trees (< 0.2 canopy cover projection (CCP)), open woodland (0.2±20 CCP), woodland (20±50 CCP), open forest (50±80 CCP), and closed forest (> 80 CCP). Latitude and longitude of each site were determined by a hand-held global positioning system (GPS). Channel slope over the study reaches was surveyed using a dumpy level. Additional field measurements included active channel width (m) and stream aspect (upstream±downstream alignment in degrees). Other site-specific data (altitude, stream order, catchment area, and total kilometres of stream channel above sites) were obtained from topographic maps (scale 1 : 25 000).
Riparian attributes
Photographs of the riparian canopy were taken midstream at 50±100 cm above the water surface at each of the study sites, using a 35-mm camera (Nikonus V) and fish-eye lens. The camera was mounted horizontally on a surveyor's tripod with an adjustable base and oriented with the top edge of the film facing magnetic north, and the lens facing vertically. Negatives of the resultant hemispherical photographs (ASA25 black and white document copy film) were digitized and enhanced to maximize the distinction between canopy and sky. Images were then analysed ): ammonium nitrogen (0.001), oxidized nitrogen (0.001), Kjeldahl nitrogen (0.03), orthophosphate phosphorus (0.001), and total phosphorus (0.01). Kjeldahl nitrogen and total phosphorus (TKN and TKP) were determined from acid digests with automated colorimetric finishes (Bran & Luebbe, 1990) . The TKN finish for ammonium was based on the indophenol reaction (Searle, 1984) , while the TKP finish for orthophosphate was based on the ascorbic acid acid/phosphomolybdic blue reaction (Murphy & Riley, 1962) . Analytical methods for ammonium nitrogen, oxidized nitrogen and orthophosphate phosphorus (AMM_N, OX_N, PHOS_P) broadly followed the automated, continuous flow methods described in Eaton, Clesceri & Greenberg (1995) . The method for AMM_N was based on the indophenol reaction (Searle, 1984) , the OX_N method on the Griess±Ilosvay reaction following cadmium reduction (Eaton et al., 1995) , and the method for PHOS_P on the ascorbic acid acid/phosphomolybdic blue reaction (Murphy & Riley, 1962) .
Community metabolism
A widely used technique for determining ecosystem level flux of carbon is the measurement of metabolism (e.g. Odum, 1956; Mann, 1975; Naiman, 1983; Bott et al., 1985; Minshall et al., 1992) . Community metabolism was measured by monitoring dissolved oxygen within benthic Perspex chambers over 24 h (e.g. Bott et al., 1978) . Water column metabolism, assessed using a light±dark bottle technique (Keithan & Lowe, 1985) , was found to be negligible in forested streams (Davies, 1994) and benthic metabolism alone was considered to be indicative of whole-stream processes. Small Perspex chambers were used to measure metabolism from individual cobbles and were domeshaped (diameter = 29.5 cm, height = 17.5 cm) with a removable watertight plastic base. Larger openbottom chambers (diameter = 29.5 cm, height = 35 cm) were used in gravel, sand and mud habitats, and were sealed by pushing them at least 5 cm into the substrate.
All chambers had a central port for the polarographic oxygen sensor (POS; TPS model 501) and side ports for a 12-V recirculating pump. Flow within the chambers was maintained at a velocity similar to that of the particular habitat within the stream. Possible effects of leakage of water (between the open-bottom chambers and stream water or exchanges with hyporheos) on dissolved oxygen concentrations were tested in situ at most sites. These showed no net exchanges of oxygen, even in the presence of a substantial oxygen gradient between the chamber water and overlying stream water.
Calibration of the POS was conducted in the field immediately before deployment. Thick (0.1 mm) POS membranes were used to minimize drift (see Bunn, Davies & Kellaway, 1997) . Dissolved oxygen within each chamber was monitored electronically by the POS and datalogger (Dataflow 389) over at least 24 h. Each datalogger was equipped with a preamplifier to power the associated POS. Data were recorded at 10 minute intervals and stored in RAM. After the data were downloaded from the datalogger, a series of computer subroutines were used to convert the information into units of carbon. This was done by assuming both a photosynthetic quotient of 1 (e.g. Atkinson & Grigg, 1984; Lambert, 1984; Bender et al., 1987) and 1 mg O 2 = 0.375 mg C.
In initial trials where nutrient depletion was considered to be a limiting factor (e.g. in habitats of elevated algal biomass), chambers were flushed at least once over the 24 h measurement period with stream water by opening a side port. However, rates of primary production in the 10 minute interval before flushing were not significantly different (paired t-test, t = 0.091, d.f. = 9, P > 0.05) to those in the 10 minute interval immediately after. This indicates that the volumes of water within chambers were sufficient to prevent nutrient depletion.
At the end of the measurement period, the volume of water enclosed by each chamber was measured in situ by determining the depth the chamber was pushed into the substrate or, in the case of enclosed cobbles, using the volume of water displaced by the cobble. Cobbles were wrapped in aluminum foil with care taken to trim off excess edges. The foil was later dried and weighed, and cobble surface area estimated using a weight/area regression (e.g. McCreadie & Colbo, 1991) . The active (photosynthetic) surface area of the cobbles was determined to be half the total surface area (Davies, 1994) .
Most of the undisturbed upland rainforest streams were characterized by cobble and boulder substrates (Mosisch & Bunn, 1997) . In contrast, streams of the northern jarrah forest had predominantly gravel and coarse sand substrates with cobbles formed from concreted laterite (Bunn et al., 1986) . Accumulations of leaf litter and fine organic debris were generally associated with pools in all streams. The relative proportion of each of the major benthic habitats was estimated at each site and a single benthic chamber was randomly assigned to each habitat representing > 30% of the stream bed. The amount of carbon produced (benthic gross primary production; GPP) and consumed (respiration; R 24 ) at the stream reach scale was estimated by patch-weighting the habitatlevel metabolism values (e.g. Naiman, 1983) .
Stable isotope analysis
Stable isotope analysis was used to determine the structure of the stream food web in three undisturbed forest sites in each biome: Booloumba, Bundaroo and Kilcoy creeks (SE Queensland), Opposum and Dirran creeks, and an unnamed tributary of Opposum (far north Queensland), and Foster, Kronin and Wilson brooks (SW Western Australia). Major primary sources were collected by hand, including leaves from riparian trees, aquatic macrophytes, filamentous algae, and epilithic algae (mostly diatoms). Samples of fine (250 mm±1 mm) and coarse (> 1 mm) particulate organic matter were also collected from the benthos. Aquatic macroinvertebrates were collected with a long-handled kick-net (250 mm mesh) from each of the major habitats. Additional samples of shrimps (Atyidae and Palaemonidae), crayfish (Parastacidae) and fish were collected using a seine net. All samples were kept on ice in the field and subsequently frozen until prepared for stable isotope analysis.
Primary sources were cleaned and rinsed in distilled water and oven-dried at 60°C for 36±48 h. The dried material was then ground to a powder-like consistency using a ring grinder. Exoskeletons of shrimps and crayfish were removed, as were gastropod shells to avoid possible contamination from nondietary carbonates (see Bunn, Loneragan & Kempster, 1995) . Aquatic insects were prepared whole and smaller individuals typically were pooled to obtain sufficient-sized samples. Most invertebrates had voided their gut contents before freezing and any undigested material remaining is unlikely to represent a significant source of contamination. Samples of muscle tissue were filleted from each of the fish. All animal samples were oven-dried at 60°C for 24 h and ground by hand with a mortar and pestle.
Dried, ground samples were oxidized at high temperature and the resultant CO 2 and N 2 were analysed with a continuous flow-isotope ratio mass spectrometer (Europa Tracermass and Roboprep, Crewe, UK). Ratios of Carbon isotope ratios of aquatic plants can show considerable spatial and temporal variation, depending on local conditions (France, 1995; 1996a) . This can complicate interpretation of the role of aquatic vs. terrestrial carbon sources to aquatic food webs, especially when algal values overlap with terrestrial values. Algal carbon isotope ratios from most sites in all three regions were, however, distinct from those of terrestrial (riparian) sources, and the possible contributions of the epilithic algae and terrestrial vegetation to the assimilated carbon in consumers were calculated using the following simple two end-point mixing model:
where P algae = proportion of algal carbon; and f = isotopic fractionation (p.p.t.). In all cases, an isotopic fractionation (f) of 0.2 was used (see France, 1996a) . Macrophytes (mainly Vallisneria) and filamentous algae (mainly Spirogyra) were present in some of the streams, particularly in the open canopy sites in the Mary River. However, stable carbon and nitrogen isotope ratios of macrophytes and filamentous algae were distinct from those of most consumers and were not considered to be a major contributor to the food web (see also Bunn & Boon, 1993; France, 1996b; .
Data analysis
Mean (SEM) rates of GPP, R 24 and P : R ratios were determined for the forested sites from the three biomes by patch-weighting habitat-level data. In the Mary River catchment, the relationship between metabolism and water quality, catchment conditions and riparian attributes was also assessed. Stepwise multiple regression, with hierarchical inclusion, was used to determine which of the independent variables accounted for most of the variation in stream metabolism (GPP and R 24 ). Appropriate transformations were used to normalize the distribution of the data. The regression analysis was conducted using stream reach data (estimated by patch-weighting habitat measures) and data from individual cobbles. Cobbles were a major component of the benthic habitat at all sites sampled in the Mary River catchment.
Results
Benthic metabolism in forest streams
Rates of benthic metabolism were low in forested sites from all three biomes (Table 3) (Table 3 ). Typically, rates of GPP and R 24 in SE Queensland were intermediate. All P:R ratios in all biomes and seasons were less than 1 and rates of GPP and R 24 were higher in summer than in winter (Table 3) .
Stable isotope analysis of forest stream food webs
In SW Western Australia and SE Queensland forest streams, algal carbon isotope ratios were more 13 Cdepleted than terrestrial (riparian) sources (Table 4) . In contrast, algal carbon isotope ratios from streams in the wet tropics in northern Queensland were more enriched (mean d Stream invertebrates in SW Western Australia were clearly dependent on terrestrial carbon sources in gravel and pool habitats (Table 4) . Although the contribution of algae to invertebrates sampled from cobbles was higher (56%), these represented a minor proportion of the total stream habitat. Most invertebrates analysed from general collections in SE Queensland had carbon isotope signatures more similar to terrestrial than algal sources (Table 4) . However, animals collected from cobbles had carbon isotope signatures very similar to epilithic algae. Most consumers (both invertebrates and fish) sampled from the three forest streams in far north Queensland had values similar to epilithic algae and quite distinct from terrestrial sources (Table 4) .
Riparian vs. catchment influences on ecosystem processes
Of the entire suite of catchment, riparian and water quality parameters, riparian cover accounted for most of the variation in rates of benthic metabolism in the Mary River during winter (Table 5 ). Riparian canopy cover explained 44% of the variation in GPP at the stream reach scale (P < 0.01). Similarly, canopy cover explained 32% of the variation in R 24 (P < 0.01). There was a significant correlation (r = 0.92, P < 0.001) between GPP and R 24 , suggesting that much of the measured respiration was due to algae. Errors in estimating percentage of habitats and scaling from patch-weighted measurements may contribute to the unexplained variation in the reach-scale data. Riparian canopy cover explained 68% of the variation in GPP (P < 0.01) and 66% of the variation in R 24 (P < 0.01) on cobbles, the major habitat in these streams (Table 5 , Fig. 1 ).
In both the stream reach and cobble-only analyses, the proportion of land cleared for crops or pasture was the next most important parameter, explaining an additional 14% of the variation in GPP in both cases. It is notable that no other catchment parameters and no water quality parameters contributed significantly to the explained variation in stream metabolism (Table 5) . Table 4 Stable carbon isotope ratios of epilithic algae, riparian vegetation and aquatic consumers from undisturbed sites in three forest biomes. The estimated contribution of algal carbon (%) to the biomass of consumers is also given. Numbers of individuals analysed are given in parentheses 
Discussion
Carbon flux in healthy forest streams
Measurements of benthic metabolism in undisturbed forest streams provide a baseline or reference condition for comparison of river ecosystem processes in disturbed streams, and are indicative of natural ecosystem function. As predicted for forest streams elsewhere in the world (Vannote et al., 1980; Minshall et al., 1983 Minshall et al., , 1985 , undisturbed streams in the three biomes were net consumers of carbon and can be regarded as heterotrophic (P : R < 1). However, although P : R ratios were similar to those reported elsewhere, values of GPP recorded here are at the low end of the world scale (Woodwell et al., 1978; Webster & Meyer, 1997) . The GPP values of these streams are about half that measured in a glacial meltwater stream in the Antarctic (McKnight & Tate, 1997 ) and similar to subarctic streams studied by Naiman & Link (1997) . Clearly, factors other than shade and temperature contribute to the low productivity observed in these Australian streams (see Bunn & Davies, 1990 ). Treadwell, Campbell & Edwards (1997) reported higher rates of GPP in Keppel's Creek in Victoria than those observed here. However, they reported considerably elevated' instream nitrogen levels as the result of recent logging, which may have stimulated algal production to levels higher than expected for undisturbed forest streams. Even though undisturbed streams in all biomes were net consumers of carbon, this does not necessarily imply that stream food webs were driven by terrestrial inputs of organic matter. As in most aquatic systems, only a small fraction of the total carbon present is likely to be assimilated by metazoan consumers. Not all carbon is of sufficiently high quality for metazoan consumers and not all is truly available, because other factors prevent consumers from reaching some sources. Stable isotope data confirmed that stream invertebrates in the northern jarrah forest were almost entirely dependent on terrestrial carbon. The extremely low rates of GPP in these streams (Davies, 1994 ; this study) and the low diversity of algal grazers (Bunn & Davies, 1990) suggest that algal sources of carbon are not an important food source. However, epilithic algae played a disproportionately important role in the food web of streams in the tropics (far north Queensland) and, at least in cobble habitats in the subtropics (SE Queensland). Grazers are a conspicuous component of the fauna in these forest streams (Bunn & Hughes, 1997) .
Based on these observations of carbon flux, we would define healthy forest streams as having low rates of GPP and R 24 , and as being net consumers of carbon (P < R), although the ratio P : R is not considered to be an adequate measure of the health of stream systems on its own. Although P : R ratios can be estimated relatively simply using open system measurements without the need for detailed measurements of rates per unit area (Owens, 1974) , they require a substantial metabolic contribution to override the effects of atmospheric re-aeration. This is not always possible in forested upland streams where background metabolic rates are very low (e.g. Bunn & Davies, 1990) . Furthermore, found that P : R ratios in a highly disturbed cane-land stream in the wet tropics fluctuated considerably on a daily basis. Variations in cloud cover were thought to have influenced the unstable balance between high rates of production and respiration.
Although terrestrial carbon is a major source of food for aquatic consumers, microalgae can also be important, at least at patch scale and possibly at whole-reach scale in some streams and/or seasons (see also Rosenfeld & Roff, 1992) . This is despite the low levels of primary productivity and despite enormous inputs of riparian carbon. Factors that influence the productivity and composition of stream microalgae could have a significant impact on stream food webs.
What are unhealthy streams?
The amounts of organic carbon produced within the stream system, and the fate of this and terrestrial sources of organic matter in the aquatic food web, are undoubtedly sensitive to changes in catchment land use (e.g. increased nutrient runoff) and, particularly, to changes in riparian condition. In the absence of riparian shade, large vascular plants and filamentous algae often proliferate, restricting flow, trapping sediment and ultimately resulting in marked changes to available habitat and lowered water quality (Wade, 1994) . A spectacular example of this is the excessive growth of para grass in stream channels in the cane lands of northern Queensland, which clearly has had a dramatic effect on channel morphology, flood capacity and aquatic ecosystem function (Bunn et al., , 1998 . Although macrophytes can be conspicuous components of larger river systems and are often assumed to be important sources of carbon for aquatic consumers (e.g. Webster & Benfield, 1986; Mann, 1988) , recent studies provide little evidence of a significant contribution to aquatic food webs (Hamilton, Lewis & Sippel, 1992; Bunn & Boon, 1993; France, 1996b) .
Direct changes to the carbon dynamics of streams and rivers associated with riparian removal have a tremendous impact on ecosystem function and river health, particularly if coupled with increased nutrient inputs. Although eutrophication is a consequence of high nutrient levels, it is the accumulation of unconsumed plant biomass that ultimately leads to water quality problems, loss of habitat and major decline in stream ecosystem health and biodiversity. In many cases, changes to the carbon dynamics are also accompanied by other impacts triggered by the loss of riparian vegetation. Increased water temperatures, loss of instream habitat and sedimentation make an important contribution to the demise of the stream.
The distinction between extreme states of degradation, as occur with the total loss of riparian cover described above, and undisturbed healthy streams is so obvious that elaborate measurements of carbon flux would tell us little more than a visual inspection. However, measurements of these ecosystem processes may provide an early warning of potential problems (see Bunn, 1995) . Slight increases in light and nutrients (e.g. associated with reduced riparian cover) may have a positive effect on stream productivity (e.g. Hawkins et al., 1983) , but at what threshold does the system switch to excessive production of nonpalatable forms of plant production?
Predicting changes in stream health
If measures of stream ecosystem processes (e.g. GPP and R 24 ) are good indicators of stream health they should at least be sensitive to variation in catchment and, specifically, riparian condition (levels of shading and nutrients in particular). It should be possible to develop predictive models between these parameters and potentially causal factors and, if stream health (as measured by these processes) has declined, strategies for rehabilitation can be recommended that are directed at the suspected cause.
Data obtained for the Mary River catchment indicate that powerful predictive models can be developed that link ecosystem measures of stream health with likely causal factors. Baseline values for GPP and R 24 obtained for undisturbed forest sites give the natural state or reference condition (see Fig. 2 ). These are associated with riparian cover of > 73% (the mean for undisturbed forest streams, see Table 1 ). Using the regression equations developed for the Mary River, reductions in canopy cover below 73% would be expected to result in the stimulation of GPP. This could result in increased secondary production initially if the increased GPP originates from palatable microalgae. In the true sense, this might be regarded as an impact (i.e. departure from reference state), but one that may be regarded as acceptable. However, we would predict major changes in stream health when GPP exceeds R 24 and the stream shifts to autotrophic dominance; in this case, when canopy cover is less than 40±50%. This relationship is specific to the Mary River catchment, however, and has yet to be tested in the other biomes.
An important consideration is the ability to predict when increased GPP switches from palatable microalgae to filamentous algae and/or macrophytes. Filamentous algae are known to have higher light requirements than diatoms or benthic cyanobacteria (Richardson, Beardall & Raven, 1983; Langdon, 1988; Hill, 1996) ; Graham et al., 1995) , would require a canopy cover of less than 50%. Although other biological and physical factors (e.g. nutrients, grazing, stream discharge) could also affect the productivity and composition of aquatic plants in these streams, we would predict that nuisance growths of filamentous algae would be prevented if riparian canopy cover was maintained (or restored) to above this level. Similar relationships have been established elsewhere between the extent of riparian cover and plant biomass (e.g. Canfield & Hoyer, 1988) or production (e.g. Gregory et al., 1991) .
Given that riparian canopy cover is a powerful predictor of stream ecosystem function in the Mary River, it could be argued that measures of canopy cover alone could be used to predict stream health without the need for detailed measures of ecosystem processes. Although catchment clearing also explains a significant amount of the intersite variation, there are no other confounding factors that may affect the predicted relationship between riparian canopy cover and stream function.
This does not appear to be the case in other biomes we have studied. Preliminary data from degraded streams in the wet tropics of far north Queensland indicate that high benthic sediment loads can limit GPP in open pasture sites (zero canopy cover), but lead to very high rates of R 24 . For example, the mean GPP for Clemensen Creek, a degraded tributary of the upper Johnstone River, was only a quarter of that recorded from nearby forested streams, whereas R 24 was approximately four times higher (see also Bunn et al., 1998) . High respiration rates in sediments have also been found in clear-cut streams in the Cascade Mountains, Oregon (Murphy, Hawkins & Anderson, 1981) . In some salinized catchments in SW Western Australia, rates of benthic metabolism are lowest at saline sites (unpublished data). Departures from the predicted relationship between canopy and stream ecosystem function could therefore be used to infer the nature of these other impacts. For example, increased turbidity would be reflected in lower benthic GPP than expected, whereas high nutrient inputs may have the opposite effect.
Conclusions
Direct measures of ecosystem processes (e.g. GPP and R 24 ) and of the fate of organic carbon in aquatic food webs should be an integral component of the routine assessment of stream health. These two approaches can be used to establish baseline values for undisturbed systems (as in other biomonitoring approaches) and incorporated into monitoring and compliance guidelines (e.g. ANZECC, 1992). Importantly, this approach satisfies many of the essential criteria for bioindicators of stream health. The methods are relatively rapid and inexpensive compared with laborious assessments of benthic community structure (see Bunn, 1995) . Perhaps more importantly, the measures are sensitive to variation in factors known to be causal, particularly riparian and catchment condition, and, potentially, to other aspects of water quality. Powerful but simple predictive models can be developed and, if stream health (as measured by these processes) has declined, strategies for rehabilitation can be identified.
